The moisture sorption isotherms of durum semolina were observed in the temperature range of 30 to 80℃ for both the sorption and desorption processes. The isotherms of its constituent starch and gluten were observed at 30℃ and that of spaghetti was observed at 60℃. All the isotherms were well expressed by the Guggenheim-Anderson-de Boer equation. The isotherm for the desorption process lay over that for the sorption one at any temperature, and a slight hysteresis was recognized. Isosteric heats, q, for sorption and desorption processes were estimated according to the Clausius-Clapeyron equation as a function of the moisture content of durum semolina. The q values were larger at lower moisture contents, indicating that water molecules more strongly interact with the wheat flour at lower moisture contents. The q values for the desorption process were greater than those for sorption. The isotherms of starch lay over those of gluten at any water activity, and those of spaghetti were located between those of starch and gluten.
Introduction
Durum semolina is a kibble of durum wheat (Triticum durum), which is a hard spring wheat of amber color, and it is mainly used in making pasta, which is prepared by extruding stiff dough (Feillet and Dexter, 1996) . The protein of durum wheat plays a crucial role in the texture of cooked pasta.
A moisture sorption isotherm has been used to describe the relationship between moisture content and equilibrium relative humidity, and that knowledge is useful for understanding two phenomena in food technology (Lagoudaki et al., 1993) . One is the storage stability of food products. The microbial growth, enzymatic reactions, non-enzymatic browning and lipid oxidation are some of the deteriorative mechanisms that are known to be related to the moisture content (Acker, 1969; Labuza, 1984) . Another is the drying or rehydration of food. The equilibrium moisture content allows us to optimize drying times and energy utilization. In this context, the moisture sorption isotherms of many food products, for example, starchy foods (e.g., corn, potato, wheat flour and rice), high protein foods (e.g., chicken, egg, milk and cheese), fruits (e.g., banana, apple, apricots and raisins) and vegetables (e.g., green pepper, lentil, tomato, onion, sugar beet root, carrot and celery) have been experimentally determined as reviewed by Al-Huhtaseb et al. (2002) .
A number of models have been proposed in the literature for the dependence of the equilibrium moisture content and the relative humidity. In 1981, van den Berg and Bruin classified the models into 77 types. These models can be further categorized into several groups: kinetic models based on the monolayer sorption theory (e.g., Langmuir model), kinetic models based on the multilayer sorption theory (e.g., BET and GAB models) and empirical and semi-empirical models (e.g., Peleg and Oswin models) (Iguedjtal, 2008) .
The temperature dependence of moisture sorption behavior provides information on the thermodynamic properties. The Clausius-Clapeyron equation is applicable to the determination of the isosteric heat from the moisture sorption isotherms. Knowledge of the differential heat of sorption is useful for designing equipment to be utilized in drying processes (Becker and Sallans, 1956; Heldman et al., 1965) .
Drying is a combined heat and mass transfer process, in which the product temperature rises from room temperature to the drying air temperature. Although the drying air temperature is 30 − 40℃ in a traditional process for drying pasta, the maximum drying temperature in industrial production of dry pasta is 80 − 90℃ in order to shorten the drying time. Therefore, the moisture sorption isotherm of durum semolina over a wide range of temperature is necessary in order to design the industrial pasta drying process.
weight of the dry sample, which was dehydrated at 105℃ for 4 days. The m value was measured at various water activities using saturated salt solutions: LiCl (0.113), CH 3 COOK (0.216), MgCl 2 (0.324), K 2 CO 3 (0.432), Mg(NO 3 ) 2 (0.514), NaBr (0.560), NaNO 3 (0.73), NaCl (0.751), KCl (0.836) and KNO 3 (0.923). The values in the parentheses are water activities at 30℃. Because the water activity depends on temperature (Greenspan, 1977) , the values at different temperatures are different from those in the parentheses. When the water activity at a specific temperature was not available from the literature, it was measured using a Hygrolog hygrothermograph (Rotronic, Bassersdorf, Switzerland).
The sample for sorption experiments was dehydrated to a moisture content of 3 g-H 2 O/100 g-d.m. or lower using a vacuum pump. For measurement of the desorption isotherm of water, the sample had been dampened to a moisture content of 30 g-H 2 O/100 g-d.m. or higher.
The amount of water sorbed onto or desorbed from the wheat flour, starch, gluten or spaghetti was measured in triplicate and averaged. The sorption and desorption isotherms onto durum semolina were measured from 30 to 80℃ at 10℃ intervals. The sorption isotherms onto starch and gluten were measured at 30℃, and the sorption isotherm onto spaghetti was measured at 60℃.
Results and Discussion
Sorption and desorption isotherms onto durum wheat flour Figure 1 shows the moisture sorption and desorption isotherms for durum semolina at various temperatures. Isotherms that were sigmoidal at any temperature and were categorized as type II according to Brunauer et al. (1940) . These results were similar to those reported by other researchers (Hebrard et al., 2003; Erbas et al., 2005; Lagoudaki et al., 1993) . The amount of sorbed water was smaller at higher temperature, indicating that the sorption of water onto the flour was exothermic. A slight hysteresis was observed between sorption and desorption at low temperatures.
Both the sorption and desorption isotherms could be separately expressed by the Guggenheim-Anderson-de Boer equation (abbreviated GAB equation):
where, a w is the water activity, and a, b and c are constants. The constant a corresponds to the amount of water for monolayer coverage, b is a measure of the interaction between adsorbate (water) and solid material (flour), and c is a correction coefficient. The constants, a, b and c, were determined to best-fit the observed m values to the calculated ones using the Solver of Microsoft Excel ® .
The objectives of this study are to experimentally obtain the moisture sorption isotherms of durum semolina in the temperature range of 30 − 80℃ and the relative humidity range of 11 − 92% by the static gravimetric method using saturated salt solutions and to calculate the heat of water sorption on the durum semolina. The isotherms of starch and gluten were also measured in order to examine their contribution to the isotherm of durum semolina or spaghetti.
Materials and Methods
Materials Durum wheat flour was supplied by Nisshin Foods, Inc., Tokyo, Japan. The supplier analyzed the flour to contain 14.8% water, 12.8% protein, 2.1% lipid, 69.6% carbohydrate and 0.73% ash on a weight basis. Spaghetti Ma•Ma (Nisshin Foods, Inc.) was purchased from a local supermarket, and its diameter was 1.6 mm.
Extraction of starch and gluten Wheat starch and gluten were extracted as follows: Durum semolina (800 g) and distilled water (540 g) were kneaded using a mixer (Kitchenaid KSM5; FMI, Osaka, Japan) for 15 min. The mixture was washed with 1 L of water to recover gluten. The gluten was repeatedly washed with water until the wash liquid became transparent. The wash liquids were combined and then centrifuged at 7,000 rpm for 15 min to obtain starch as a precipitate. The recovered starch and gluten were separately freeze-dried for 2 days with an FDU-1200 freeze-drier (Tokyo Rikakiki, Tokyo, Japan). The dried starch or gluten was pulverized using a mill of rotation edge type (CM60-S; Matsuki Corp., Maebashi, Japan) and then sieved into powders smaller than 0.65 mm.
Moisture sorption isotherm About 2 g of durum wheat flour, starch, gluten and spaghetti was accurately weighed into a glass vial (15 mm I.D. × 50 mm). Spaghetti was broken about 4-cm long without pulverization. The vial was placed in a container made of polypropylene, the water activity or relative humidity of which was regulated at a specific value using a saturated salt solution, and the container was placed in a temperature-controlled oven (DN440; Yamato Scientific, Tokyo, Japan) at a temperature from 30 to 80℃. The sample was occasionally weighed until the weight reached a constant value. It took a few days to 3 weeks depending on the temperature and relative humidity until sorption equilibrium was achieved. When the weight change of the sample was less than 1 mg/day, the equilibrium was regarded as being established. The amount of sorbed water, m [g-H 2 O/100 g-d.m.], where d.m. indicates dry material or matter, was calculated by the following equation:
where, w e is the sample weight at equilibrium, and w d is the a. cHuMa et al.
where, a w is the water activity or relative humidity at the amount of sorbed water m, R is the gas constant and T is the absolute temperature. Figure 3 shows the plots for estimation of the q values at some m values from both the sorption and desorption isotherms. The plots were linear in all cases, indicating that Eq. (3) is applicable to estimating the q value. Figure 4 shows the dependencies of the q values for the sorption and desorption processes on the moisture contents of durum semolina. The larger q values at the lower moisture Figure 2 shows the temperature dependencies of the constants, a, b and c, for both the sorption and desorption processes. The a and b values became smaller at higher temperature, while c scarcely depended on the temperature. Because the temperature dependencies of the parameters were obtained, the equilibrium moisture content of durum semolina can be evaluated under any conditions of temperature and relative humidity.
Isosteric heat for sorption or desorption Isosteric heat, q, is an indication of the interaction force between a water molecule and a sorption site on the durum semolina. The q value at a specific amount of sorbed water, m, can be estimated based on the following Clausius-Clapeyron equation (Tsamai et al., 1990) : calculated from Eq. (3). This fact indicated that Eq. (4) was also useful to calculate the moisture-content dependences of the isosteric heats as well as Eq. (3).
Sorption isotherms onto starch and gluten Moisture sorption isotherms on starch and gluten, which were isolated from durum wheat flour, were measured at 30℃ (Fig. 6) . The isotherm onto the original durum semolina is also shown in the figure. All the isotherms were categorized as the sig-content indicate that water molecules interact more strongly with durum semolina at lower moisture contents. The plots for the desorption process lie over those for the sorption process. This fact indicates that the desorption of a water molecule sorbed onto the durum semolina consumes more energy than the liberation of energy during water sorption.
Equation (4) has also been used for cereals to express the relationship among the amount of sorbed water m, temperature T and water activity a w (Aguerre et al., 1986; Falabella et al., 1992) .
where, T β , K 1 and K 2 are parameters. The equation was applied to the amounts of sorbed water shown in Fig. 1 for both the sorption and desorption processes. The T β , K 1 and K 2 values for the sorption process were evaluated to best-fit the m values at various temperatures and water activities using the Solver of the Microsoft Excel ® and were 448 K, 6.37 × 10 3 K and 0.814, respectively. The T β , K 1 and K 2 values for the desorption processes were also determined to be 400 K, 9.55 × 10 3 K and 0.821, respectively. The m values calculated by using the estimated T β , K 1 and K 2 values are plotted against the observed m values in Fig. 5 . The plots for both sorption and desorption processes lie on the line having a slope of unity, indicating that the equation is applicable to the moisture sorption onto durum semolina. As shown in Fig. 4 , the isosteric heat for the sorption and desorption processes calculated from Eq. (4) coincided with those for the processes moidal type II according to Brunauer et al. (1940) and could be expressed by the GAB equation. The a, b and c values were 8.76 g-H 2 O/100 g-d.m., 45.6 and 0.715 for starch, and 7.63 g-H 2 O/100 g-d.m., 37.0 and 0.728 for gluten. Roman-Gutierrez et al. (2002) reported that the equilibrium moisture content could be expressed by summing the products of the fractions of constituent components and their moisture contents for weak flour. The carbohydrate and protein contents of durum semolina are 81.7 and 15.0% (dry basis), respectively. As Roman-Gutierrez et al. (2002) reported, the moisture sorption isotherm calculated from the isotherms on starch and gluten and their contents was almost the same as the observed moisture sorption isotherm on durum semolina.
Moisture sorption onto spaghetti The moisture sorption isotherm onto spaghetti was observed at 60℃ and compared with that onto durum semolina (Fig. 7) . Although the isotherm on spaghetti lay slightly over that on durum semolina, the difference was not significant except at very high water activity. Therefore, processing for pasta making had no significant effect on water sorption.
Conclusion
The isotherms of durum semolina, starch, gluten and spaghetti were well expressed by the GAB equation. Isosteric heat, q, for the sorption and desorption processes were larger at lower moisture contents, indicating that water molecules more strongly interact with wheat flour at the lower moisture content. Moisture contents increased in the order of gluten < Moisture Sorption Isotherm of Durum Wheat Flour 
